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SUMMARY

This report desoribes the results of g corbined analytical and « «oer -
mental investigation ot the etficiency limits ot small, cooled turbines.
The first section o' the report is concerned with the design procedure
whereby optima! stage aerodvnamic and blade designs were established for
nine representative turbine stages. Three levels of corrected work out-
put at each of three annulus heights were considered. The second section
contains the results obtained in cascade tests of the resulting stator and
rotor mean section blading and six additional rotor root profiles. Both
total and profile losses were measured in each case. In the third section,
a correlation of blade row total-pressure-loss coefficient is obtained from
the experimental data. Stage efficiencies are then recalculated for the
nine original stages based on the derived correlation. The achievable
stage efficiencies are presented and discussed in the fourth major section
of the report. Results indicate that the aspect ratio penalties associated
with small annulus heights are considerably less severe than previous
studies would suggest.
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INTRODUCT ION

One ot the prchlers identified by previous programs of work ultimately di-
rected toward the develcpment of small gas turbines of advanced design has
been the relatively !~ level cf efficiency obtained from small, cooled
turbines. To achieve 'ighter, more compact power plants, the trend has
been toward higher pressure ratio and higher turbine inlet temperatures
and the resultant increase in engine specific power output. O0One cbjective
of the U. S. Army Aviaction Materiei Laboratories is to develop an ergine
with a specific power output in excess of 20Z hp sec/ibr of airflow. For
the power output range of interest, the engine mass fiow range under con-
sideration is from 2 to 5 lbm/sec. 7The combination of a icw mass flow rate
and a high turbine i~iet pressure results in sma!l turbine annulus areas,
while the high temperature 'evels necessitate blade cooli~g. Since it is
desirable tc drive a single-shaft, high-pressure-ratio compressor with a
single-stage turbine, the high loading of the turbine stage is an addi-
tional factor that has to be considered.

The principal reasons for the relatively low efficiency ¢f the type of tur-
bine of interest are the relatively low aspect ratio of the blading, the
relatively high trailing-edge blockage of the biading, and the level of
work output. Because of the cooling requirements and manufacturing limi-
tations, blade chords and trailing-edge thicknesses are dictated by mech-
anical, rather than aerodynamic, considerations. Since blade row aspect
ratios will be lower and trailing-edge blockages will be higher than those
occurring in larger engines and since both factors will influence the row
total-pressure-loss coefficients, it is extremely unlikely that the effi-
ciency of the small turbines can be as high as that achieved in larger
engines with comparable turbine work output levels. The primary objective
of the program reported herein was to derive a correlation of row total-
pressure-loss coefficients that could be appiied in the prediction of the
efficiency of turbines of the type having application to small engines of
advanced design; the secondary objective was to define the level of achiev-
able efficiency for three levels of corrected work output as a function of
selected blade height.

The investigation is based or nine pcssible turbine designs for the first-
stage turbine of an engine having a mass flow rate of 5 Ibm/sec, a cycle
pressure ratio of 10:1, and a turbine inlet temperature of 2500 °F. For
each of three specified corrected work outputs, three values of annulus
height were also specified. The corrected work outputs (liH/Ut,) are 27,
22, and 17 Btu/1bm; the highest work output ccrresponds to the case in
which the compressor is driven by a single-stage turbine, while the low-
est level is approximately that which would be used for the first stage of
a two-stage compressor turbine. The three selected annulus heights are
1.0, 0.7, and 0.4 in. To compiete the design-point specifications, a ro-
tational speed has to be selected for each of the nine designs. Since the
engine pressure ratio and mass flow are common to all nine designs, each
turbine was assumed to have the same design-point rotationa! speed. To




~elect the speed, the desian of the compressor for a 5-lbm/sec, 10: l-pres- X
sure-ratio cnaite was considered. While a variety of compressor configura-

tions are possible, a single-stage centrifugal was chosen as the basis for

the rotational speed selection. From consideration of the compressor spe-

cific speed, a design-point rotational speed of 50,000 rpm was assumed for

all nine turbine designs.

ATl turbines will be of relatively small annulus height. However, annulus
height is a design variable that can be selected directly or indirectly by
the turbine designer. Designs selected to have low values of the stage
loading parameter, S‘JAH/ , will have small blade heights. In these de-
signs it is probable that the adverse effects on stage efficiency of low-

blade-row aspect ratios will offset the advantages of low stage loading. ‘
Conversely, if a design is selected to have larger values of blade height |
and blade aspect ratio, stress considerations will dictate a smaller value

of mean radius and a higher stage loading. For the investigation,the values

of annulus height chosen for the designs are 1.0, 0.7, and 0.4 in. The de- 1

signs of 1.0 in. annulus height will have relatively high stage loadings A
and will be of relatively low hub-to-tip diameter ratio. For the lowest
value of annulus height, the stages will have moderate stage loading pa-

rameters. Since the blade chords are dictated by the cooling and manu-
facturing requirements, the small annulus height designs will have low-
aspect-ratio blading; the losses associated with low-aspect-ratio blading
will possibly offset the benefits of the selection of a moderate value of
stage loading.

Following stage aerodynamic and blade design for each stage, two-dimensional
cascades of the nine stator mean sections, the nine rotor mean sections,

and the six rotor hub sections of the 0.7- and 1.0-in.-annulus-height de-
signs were manufactured. Two additional cascades in which the stator mean

of the 0.7-in.-annulus-height, 22-Rtu/lbm stage was leaned 10 and 20 deg

with respect to a rormal to the end walls were also manufactured. The
cascades were tested at design values of exit Mach number both with solid
end walls and with a porous end wall which allowed the removal of end-wall

boundary layers. These cascade tests have provided the total and profile k
loss ccefficient cata upon which a correlation of loss coefficient has been ;
based. A

in the ‘inal pha<e or the program, the loss coefficient correlation that

has been developed has been applied to the prediction of stage efficiencies.
Since the measured cascade loss coefficients are significantly lower than
those that can be deduced from stage tests of the type of turbine under
consideration, it has been necessary to define the efficiency limits of

the s~al!!, cooled turbines i terms of empirical constants which nominally
relate the —agritude of secondary losses measured in a two-dimensional cas-
cade (o those e-isting in tucrbine biade rows in a stage.




STAGE AERODYNAMIC AND BLADE DESIGN

INTRODUCT ION

In order to ensure that the cascades tou be tested in the c-perimenta!l pro-

gram would be representative ot the blade sections that would be used ir an

actual small, cooled engine application, the design of the basic stages is
treated as such. Each stage design was based on the achievement of the re-
quired life of the turbine ot 1000 hr using air cooiirg. Hence, the se-

lection of blade chords, blade maximum and trailing-edge thickness, rotor
blade area taper ratios, and number of blades per row was based on both
aerodynamic and mechanical design requirements.

To ensure that fully consistent designs were obtained, the initial phase
made use of a loss coefficient correlation that had been demonstrated to

be applicable to the type of stage involved. |In particular, the correla-
tion had been used in the successful prediction of the stage efficiencies
of three low-aspect-ratio turbines tested by Continental Aviation and Engi-
neering Corporation (Reference 1) as part of an earlier program of work for
USAAVLABS.

The selection of a constant rotational speed for all nine stage designs has
two basic advantages. O0ne, the selection of a turbine design standard is
set in the context of a design problem frequently faced by the turbine de-
sign when the gas generator speed is selected from compressor design con-
siderations. Two, the combination of a constant rotational speed with
ranges of corrected work output and annulus height produces a wide range

of blading types. As a result, the cascade testing of representative
bladings will adequately cover the range of parameters necessary to derive
a loss correlation that could subsequently be applied to a wide range of
small, cooled turbine design requirements. As previously stated, the se-~
lected speed is 50,000 rpm. While the selection of any other speed for

all designs or individual design speeds would have resulted in a different
set of cascades on which the correlation is based, the resultant correla-
tion should not be dependent on the choice of rpm. In the current investi-
gation, the predicted achievable stage efficiencies are for the original
designs. However, the correlation of total-pressure-loss coefficients
could be used in design optimization studies in which rotational speed is

a variable. Similarly, the selection of a mass flow rate of § Ibm/sec will
not preclude the application of the loss correlation to engines of differ-
ent flow rate, provided the range of aspect ratios investigated in the cas-
cade test program adequately covers the range that is encountered in the
design of small, cooled turhkines.

STAGE DESIGN SPECIFICATIONS

The turbine design specifications common to all nin> turbines are:
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Mass Flow Rate 5 Ibm/sec
Turbine Inlet Total Pressure 142 psia
Turbine Inlet Total Temperature 2,500 ©F
Rotational Speed 50,000 rpm

The three levels of corrected work output are 27, 22, and 17 Btu/lbm cor-
responding to actual power outputs of 1125 917, and 709 hp. As previously
stated, for each work output level the three annulus heights considered are
1.0, 0.7, and 0.4 in.

The level of the inlet temperature necessitates blade cooling, and it was
assumed that blade trailing-edge thickness would have to be limited to
0.030 in. in order to ensure the manufacturing feasibilily of the cooled
blading.

THE ORIGINAL STAGE DES IGNS

Selection of Annulus Dimensions

With the rotational speed heid constant for all designs, the selection of
the annulus dimensions for each design must be made principally on the
basis of the minimum area that is aerodynamically acceptable. The criti-
cal stress level in a turbine design is at or near the rotor hub section,
and this level is dependent upon N%A, where NN is the selected rotational
speed and A is the mean annulus area of the rotor. The taper ratio of
the rotor blading will influence the stress level, and the allowable stress
level will depend on the gas relative total temperature at the critical
section. Hence, the final selection of the annulus dimensions was made on
the basis of the coolant flow requirements of each stage, the objective
being that the coolant flow required for each design to achieve the speci-
fied life of the engine would be a constant percentage of the engine mass
flow.

Since the permissible variation in annulus area between designs of differ-
ing annulus heights but constant work output is relatively small, the
large annulus height design (1.0 in.) is forced to be a relatively low
hub-to-tip diameter ratio stage, while the small annulus height necessi-
tates a high hub-to-tip ratio stage. Similarly, the choice of annulus
dimension is influenced by the required work output. The highest work
output designs (at 27-Btu/Ibm corrected work output) have the lowest exit
total pressure levels. Hence, to provide the necessary flow area at tur-
bine exit, the mean radius for a 27-Btu/lbm design is necessarily greater
than that required for the 17-Btu/lbm design of the same annulus height.
Thus, the general pattern of annulus dimensions for the ninc stages is that

the mean radius of the design will increase with a decrease of annulus
height and with an increase of work output. The trend is illustrated in
Figure 1, where the selected annulus dimensions are diagrammatically rep-
resented.
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The rinal selection. of annulus dimensions were based on the detailed ._-
sign of each stage. For example, it was found necessary to increase the

annulus area of the large blade height designs compared to the value used
for the 0.4-in. design in order to avoid impulse conditions at the rotor

hub section.

Although there are possible aerodynamic advantages associated with the se-
lection of an annuius geometry other than one of constant inside and out-
side diameters through the stage, this annulus type was selected for all
designs. The principal reasons for this choice are (1) the blade sections
were eventually to be tested in a two-dimensional cascade, and (2) the ap-
proach leads to a wider range of design parameters to be investigated in
the experimental program. The choice of the constant-annulus configuration
does not directly affect any fina! design selection, in that che experi-
mental data are to be correlated in a form that inakes these data of general
applicability.

The Originally Assumed Total-Pressure-Loss
Coefficient Correlation

It was assumed initially that an existing correiation of total-pressure
loss, developed for use in the design-point analysis computer program of
References 2 and 3, would be applicable to small turbines provided that
loss levels were corrected for the probable effects of low aspect ratio
and large trailing-edge blockage. That is, it was assumed that a row
total pressure loss could be expressed as the product of a datum level of
loss applicable to large turbines and two correction factors.

%« Y (3)F

where is the row loss coefficient
is a datum loss level applicable to large turbines
iq;gis a correction factor for thke effect of trailing-edge thickness-
to-pitch ratio on the loss level
F: is a correction factor for the loss increases associated with
low aspect ratio and tip clearance effects.

The correlation for the datum loss used in the design-point analysis is
that derived in Reference 2 and is as follows:

| tanfy, — tan Pex| Vin
"= 5.6 +08 Cos B, f( .

Vex

where

Vin v Jm o< o0
-F(v”)-o.oss if -\-&-\05




and

f(%a): 0.035+ 0.15(%—0-5) if \i"! >O.5

eéx
The subscripts I and €% denote inlet and exit conditions relative to a
blade row, is the relative f¥ow angle measured from the axial direc-

tion, andy  denotes the relative velocity.* In this correlation, the as-
sumption is made that the loss is proportional to the tangential momentum
change across the blade row, dependent on the overall acceleration across
the row, and that trailing-edge loss is related to the blade exit angle in
that aerodynamic blockage is dependent on the ratio of trailing-edge thick-
ness to throat width.

An assumption made in derivir.g the above correlation is that the datum loss
level is applicable to blade rows in which the trailing-edge-to-pitch ratio
is 0.02, where this number i; representative of ''large engine'' design prac-
tice. The correction for larger values of blockage, f(ws), was obtained
from the Ainley-Mathieson turbine prediction procedure of Reference 4. In
the experimental portion of the program, the loss coefficient measured at
the midheight of a large-aspect-ratio blade row (or a small-aspect-ratio
blade row with end-wall boundary-layer suction) is defined as a profile
loss, Yp . Since the loss includes that due to the trailing-edge thick-
ness, the profile loss will be equal to the product *f(h&) Hence,

9= 2

The assumed correction for the trailing-edge blockage effect is shown in
Figure 2. This figure shows a second scale using the ratio t‘/o where©
is the throat width. The ratio of trailing-edge thickness-to-throat
width is considered to be more directly related to the trailing-edge
loss mechanism than the ratio w,s . To obtain the second scale, it was
assumed that the Ainley correlation based on ef./sis valid for a 60-deg
exit angle blade for which the value of &g is approximately 0.5.

The second correction, F , of Equation 1 was assumed to be given by the

equation o | k &e
E = [0.6 M =+ -%9- -q]#(?) (1)

where H/O is the blade row passage aspect ratio, and /H is the
ratio of tip clearance to blade height for an unshrouded rotor :lade.

“ For stator blading, the relative angles and velocities are, of course,
the absolute values.
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Equation 3 was derived from the stage test data of Reference 1. In the
series of tests reported in Reference 1, blade aspect ratios and tip
clearances were varied and stage efficiencies measured. It was found

that successive reductions of blade height from 1.086 to 0.724 and 0.362
in. decreased the stage efficiency from 86.7 to 82.2 and 73.2 percent,
respectively. The constants 0.6 and 2.4 of Equation 3 produce an accept-
ably accurate prediction of the observed results. Similarly, the constant
100/3 was derived from the experimental results of the series of tests in
which stage efficiencies were measured at various levels of tip clearance.

Selection of Number of Blades

If the loss correlation selected correctly represents the variations of
loss with passage aspect ratio and trailing-edge blockage, the additional
loss factor variation with number of blades can be used to select an aero-
dynamic optimum number of blades. Increasing the number of blades reduces
the loss as a result of the increase in passage aspect ratio, while the
accompanying increase in trailing-edge blockage will tend to increase the
loss. Typical variations of the additional loss factor with number of
blades (based on the originally assumed loss correlation) are illustrated
in Figure 3. The data shown in the figure were obtained from Equation 3
for two stage aerodynamic designs of the intermediate work output level;
the largest and smallest blade height designs were considered. For each
stator and rotor blade row, the height and trailing-edge thicknesses were
held constant and the throat width and pitch varied with the number of
blades. The basic profile loss was assumed to be constant in each case.
Hence, an increase in the number of blades implies a reduction in the
blade chord with the row solidity held constant. The figure illustrates
the relative insensitivity of loss to the selected number of blades in the
vicinity of the optimum and the considerable difference in the optimum
number of blades, depending on the choice of annulus height. The large
value of the optimum number of blades for the smal!l annulus height reflects
the assumed strong dependence of the loss level on aspect ratio where the
aspect ratio is low. While it would appear that an aerodynamic optimum or
near-optimum number of blades could be selected for the larger value of
annulus height, it is evident that for the 0.4-in.-annulus-height designs,
the basis for selection of the number of blades must be the mechanical
feasibility of cooling the blading. Thus, the approach adopted was to
evaluate the minimum chord for which blade cooling would be possible and
to use this minimum chord unless the aerodvnamic optimum number of blades
would produce a larger, more readily cooled blade chord.

In the initial design of the stages, the uncertainty associated with the
loss coefficient correlation was such that the selection of the number of
blades was not considered to be critical to the overall success of the in-
vestigation. Rather, there was some virtue in selecting blading for cas-
cade tests that would provide a wide range of parameters for the experi-
mental program, provided no chord length was selected that would lead to
blading which could not be cooled. The number of blades in the stator and
rotor rows for each of the nine designs is shown in Table 1I.

7



Thermomechanical Design

Previous small turbine investigations have shown the interdependence of
turbine efficiency and the adequacy of turbine cooling. The aerodynamic
compromises made to achieve adequate ccoling have resulted in very low tur-
bine efficiencies. Conversely, if the design standards had been set by
aerodynamic efficiency considerations, it is extremely unlikely that ade-
quate cooling, and hence life, would have been achieved. It was considered
important, therefore, to compare designs which could be expected to meet
the life requirements. Since the quantity of coolant flow required to
achieve the necessary life will affect the basic ungine cycle efficiency,
an additional constraint that approximately equal coolant flow rates would
be used was also imposed. |f this design objective is met, then both the
effect of coolant flow rate on turbine stage per ormance and the effect of
a cooled flow bleed on the engine cycle can be expected to be approximately
constant for all nine designs.

The choice of the number of blades only slightly affects the gross cooling
requirement, assuming that the effectiveness of the cooling system is not
greatly changed from design to design. However, the distribution of cool-
ing is important, and to coo! the hottest parts of the blading becomes
more difficult as the size of the blade decreases. For example, in the
case of convective cooling in which a minimum coolant hole size is se-
lected, approximately the same number of coolant holes is required irre-
spective of the number of blades; and as the number of coolant passages
per blade decreases, the temperature distribution probiem increases. When
the distribution problem becomes serious, the amount of coolant flow has
to be increased to produce sufficient local cooling.

For convection-cooled blades, a practical limit on blade chord was assumed
to be approximately 0.6 in. For transpiration cooling, which might be used
in view of the large coolant flows required for convective cooling, a simi-
lar chord limitation exists. Therefore, the number of blades in any row
was set near the calculated optimum or at a value for which a chord of not
less than 0.6 in. would be obtained during the detailed design of the blad-
ing. This selection required the assumption of values of pitch/chord ratio
for each row. During the detailed design of the blading, somewhat larger
chords were shown to be necessary for the selected number of blades. The
actual chords of the sections tested in the experimental phase of the pro-
gram are listed in Table |11, from which it will be seen that the minimum
chord used is 0.66 in. Selected stator chords vary from 0.660 to 0.840
in., and the rotor root sections of the 0.7- and 1.0-in. annulus designs
have chords ranging from 0.850 to 1.060 in.

To demonstrate that these blades could be cooled, calculations assuming
convective cooling were undertaken. The procedure is presented in Appen-
dix | together with the results from three rotor blade analyses. Although
it had been an objective to have approximately the same cooiant flow in
each design, the calculated rotor coolant flows varied from 7 to 10 per-
cent. The largest annulus height design requires more coolant flow, but
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the larger coolant flow is in part due to the larger annulus area specified
for this blade height. Figurc 4 presents computed rotor hub section cen-
trifugal stress and gas relative temperature for each design. This fiaure
also shows the aliowable metal temperature as a function of stress level
for one possible blading materia! (MAR-M200). It will be seen that the
gas relative temperatures are between 600 and 750 deg above the allowable
metal temperatures required for a 1000-hr life. The designs for a 27-Btu/
Ibm specific work output have higher levels of stress than the designs of
corresponding height for the 17-Btu/lbm work output. However, the disad-
vantages of higher stresses (resulting from the larger annulus area re-
quirement) are offset by lower rotor relative gas temperatures which ac-
company the larger stage total temperature drop. Although Figure 4 indi-
cates the neea for varying levels of cooiing, the variation is relatively
small. Hence, it is reasonable to assume that the selected designs would
require approximately the same guantity of coolan' and would have approxi-
mately the same efficiency penalty associated with their cooling require-
ments.

Stage Aerodynamic Designs

Each of the designs was completed using the design-point analysis computer
program of References 2 and 3. Aerodynamically consistent designs were
completed by specifying additional loss fac:iors for the selected number of
blades. Although the annulus dimensions had previously been selected on
the basis of a required stage exit Mach number, some midradius changes were
made during the course of finalizing each design. In particular, the hub
loading of the 1.0-in.-annulus design forced an increase in the originally
selected values of mean radius. Each design was selected on the basis of
varying the stage reaction to optimize the stage total-to-total efficiency.
The total-to-total efficiency is calculated from the ratio of actual total
temperature drop to the isentropic value based on the stage total pressure
ratio ignoring the addition of any coolant flow to the main flow through
the turbine stage. Hence, the total-to-total effncuency, , is given by

= 8T
(5)
BT :seu T°°
where P“/PQQ_'S the stage total-to-total pressure ratio.

The mean-line aerodynamics of the selected designs are presented in Table
I11. The table contains flow angles, Mach numbers, the mean stage load-
ing ( 5.1AHM, and the value of stage efficiency consistent with the
originally assumed row total-pressure-loss coefficient correlation of Equa-
tions 2 and 3. Table |V presents the hub-line aerodynamic data for the
0.7- and 1.0-in. designs. Hub-line aerodynamic data for the 0.4-in. de-
signs have not been included in Table 1V, these stages have relatively

high hub-to-tip diameter ratios, and the flow conditions at the hub differ
but little from the mean-line data of Table 11!




DETAILED BLADE DESIGN

Blade profiles were designed using a prescribed surface Mach number proce-
dure. The Stanitz channel design method of Reference 5 forms the basis
of the method incorporated into an NREC computer program. The Stanitz
method obtains the geometry of a channel which satisfies specified chan-
nel wall velocity distributions; the island formed by two adjacent chan-
nels defines a blade profile. To obtain the solution of the channel
geometry, linearized compressible flow is assumed. A number of improve-
ments were made to the original Stanitz method when it was programmed.
These improvements are mainly associated with the application of the
basic solution technique to the profile design problem. The most sig-
nificant change is in the treatment of the upstream stagnation streamline.
The improved method eliminates the upstream cusp formed when a blade pro-
file is defined by two channels. As a result, the Stanitz channel design
procedure has been modified to yield a profile design method. To obtain
turbine blade profiles, surface Mach number distributions are specified
at points along the pressure and suction surfaces of the blade. While an
arbitrary selection of surface Mach number distributions will in all prob-
ability yield an unacceptable profile, techniques have been developed that
permit logical modifications of the prescribed distribution to obtain de-
sired profile characteristics. The principal characteristics are trailing-
edge thickness, profile chord, and profile cross-sectional area. Each
profile was designed to have the preseiected 0.030-in. trailing-edge
thickness. In the design of the rotors, chords and sectional areas of
root and tip profiles were selected to yield mechanically acceptable blad-
ing from both manufacturing and stress considerations. The root-to-tip
sectional area ratios for 0.4-, 0.7-, and 1.0-in. designs were chosen to
be 1.5, 1.75, and 2.0, respectively. The increase in taper ratio accom-
panies the decrease in stage hub-to-tip diameter ratio, and actual values
wersbselected to reflect standard design practice. Although the parameter
N%®A has a strange influence on blade root section stress levels, stage
hub-to-tip diameter and blade taper ratios also influence the level of
maximum stress. By increasing the blade taper ratio with decreasing stage
hub-to-tip diameter ratio, the detailed blade design attempted to satisfy
the requirement that stages of differing blade height could be considered
as valid alternatives meeting the stage loading and life specifications
with approximately equal coolant flow rates.

Typical blade sections are shown in Figures 5 and 6. The first of these
is the stator mean section of the 17-Btu/lbm work output design of 0.4-in.
annulus height; Figure 6 shcws the three basic sections of the rotor of
the same stage. In Figure 7, the surface Mach number distributions used
to obtain the profiles shown in the two preceding figures are presented.
The actual surface Mach number specifications for the 2L cascade sections
are presented in tabular form. Table V lists the Mach number distribu-
tions for the two surfaces as a function of the selected normalized sur-
face lengths for the stator mean sections; between each of the listed
change points, the Mach number versus length variation is assumed to be
linear, as illustrated in Figure 7. Table VI presents the Mach number



distribution specification for the rotor means, and Table VI| presents the
specification for the six rotor hub sections. For each design, the maxi-
mum surface Mach number and ciffusion rate were each held to as low a value
as possible. The bac.c intent is, of course, that boundary-iayer growth
should be minimized and that shock-induced separation should be avoided if
possible in the designs of high subsonic exit Mach number.

The profile coordinates for the 24 sections tested in the cascade rig are
given in Appendix Il. TheX=Y coordinates for the surfaces, the surface
lengths, and the cross-sectional area of the profiles are listed. These
coordinates correspond to points at 5 percent of surface length increments.

The blade section geometries of the profiles that were cascade-tested are
listed in Table VIII. This table presents the numbering system used to
identify the cascades and the pitch, pitch/chord ratio, chordal aspect
ratio, and passage aspect ratio of each of the 24 rectangular cascades.
Cascades 19 and 20 are leaned versions of cascade 9 (the 0.7/22 stator
mean section); the first of these is leaned 10 deg with respect to the
normal to the end wall, while the second is leaned 20 deg.



CASCADE TESTING

INTRODUCT ION

The objectives of the cascade test program were to determine the three-
dimensional and two-dimensional total-pressure-loss coefficients of each
of the selected cascades.

The three-dimensional loss includes the secondary losses which were ex-
pected to be significant in low-aspect-ratio blades. The two-dimensional
loss, or profile loss, is the loss that would be measured in an infinite-
aspect-ratio cascade in which end-wall effects would not influence the

level of loss. In any cascade or blade row, any boundary layer at the
end wall! is under the influence of the static pressure field. Any filuid
whose velocity is less than that of the free stream at a corresponding
location in the flow passage will be forced toward the suction surface
side of the flow passage. The resultant secondary flow is known to give
rise to large values of secondary flow losses. |In the experimental pro-
gram it was the intention to remove end-wall boundary layers by the use
of wall suction in a second test of each cascade. By removing the end-

wall boundary layer, it was believed that any accumulation of low-momentum
fluid at the junction of the suction surface and end wall would be suffi-
ciently reduced that measurements of total-pressure-loss coefficients made
at the midheight of the cascade would be representative of a large-aspect-
ratio cascade. Thus, the original test of the cascade with solid end walls
would yield the total, or three-dimensional, loss; a subsequent test with
end-wall suction was expected to yield a profile, or two-dimensional, loss
at the midheight of the cascade. As defined in the preceding chapter,

the profile loss includes the trailing-edge loss. :

CASCADE RIG DESIGN

The principal features of the cascade rig are a large inlet plenum, a cas-
~ade inlet section, the cascade block, and the exit traverse mechanism.

Air at the required pressure is supplied to the inlet plenum, and, for the
suction tests, air is sucked from small plenum chambers adjacent to each
of the cascade end walls. Exploded views of the cascade rig assembly are
shown in Figures 8 and 9. Figure 8 shows the plenum and the parts external
to the plenum, while Figure 9 shows the inlet section which is inserted
into the plenum. The cascade blading is machined from a solid aluminum
piece, with seven blades and eight flow passages in each cascade. To pro-

vide for interchangeability between solid-wall and porous-wall tests, the
cascade blading is machined to a depth approximately 0.2 in. below the
lower wall. Thus, the alternative end walls can be fitted over the cas-

cade. The top section of the cascade rig carries the traverse mechanisms
and is used throughout all tests. The lower section of the cascade assem-
bly, to which the cascade blocks are mounted, has a separate downstream
plate, which is used to adjust the row exit height to 0.7 and 0.4 in. from
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the maximum value of 1.0 in. The inlet section pieces shown in Figure 9
comprise two plates, two involutes to reduce the upstream inlet height
from 2.0 in. to the 0.4-, 0.7-, or 1.0-in. value, and two inlet side walls.
The inlet side walls are constructed from a series of plates which permit
the setup of the required inlet flow angle and the total width of the
eight-passage cascades for the individual cascades. Sectional views for
the inlet configuration for the three cascade heights are shown in Figure
10. The involute transition walls which reduce the passage height were
selected to provide a controlled acceleration ahead of the cascade. While
a relatively long inlet length is required to ensure that the design in-
let flow angles were achieved in each case, long inlets would have pro-
duced a significant boundary-layer buildup at the cascade inlet. How-
ever, the contraction of the passage height (from 2 in. to 1.0, 0.7, or
0.4, depending on the cascade) using the involute transition walls will
reduce wall boundary-layer thickness at the cascade inlet to acceptably
small values. No attempt was made to measure the inlet profile. How-
ever, from past experience, this design approach is known to result in an
extremely good quality of velocity and pressure profile at the inlet to
the cascade. A typical cascade assembly is shown in Figure 1l. The
downstream traverse plane is in each case a chord length in the design
exit flow direction downstream of the trailing edge. The selected exit
traverse probe dimensions limit the measurement locations to 0.025 in.
from the wall. However, actual measurements were never attempted at less
than 0.050 in. from the wall.

The traverse mechanisms are illustrated diagrammatically in Figure 12.
Part of the upper wall can be translated horizontally to provide the tan-
gential direction traverse. The vertical and flow angle traverse mech-
anisms are carried on the moving wall. The angular traverse is about the
tip of the exit probe. Remote drive and the remote indication of the
horizontal, vertical, and angular positioning are provided by three in-
dependent hydraulic/potentiometer systems. While the accuracy of each of
the systems is very good, traverses are calibrated in terms of indicated
dial readings and actual X , 2 , and‘ measurements. Accurate position=-
ing of the probe to within 0.00]1 in. and 0.1 deg is achieved with the
traverse mechanism.

TEST PROCEDURE

Each cascade was tested at the appropriate design values of inlet total-
to-exit static pressure ratio and inlet flow angle. Since the cascade
flow exhausts to ambient pressure, actual inlet pressures were set at the
design value of inlet total-to-exit static for the individual cascade
times the barometric pressure. Design values of total-to-static pres-
sure ratio for each cascade are listed in Table IX. The inlet total tem-
perature was not a controlled quantity. Inlet temperatures varied with
the point of operation of the air-supply compressor. In general, the
inlet temperature increased with increasing pressure ratio requirement
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for the cascade being tested; temperatures were always within the range
230° to 300°F. The instrumentation standard was maintained throughout.
The inlet total pressure is assumed to be equal to the measured plenum
static pressure. E«it total pressure, exit static pressure, and flow
angle measurements are obtained from the exit traverse instrument. Since
traverses at 0.050 in. from the wall were required, the selected probe
was the modified conical probe shown in figure 11. The probe is known to
record accurately the local total pressure up to high subsonic Mach num-
bers. All exit total pressures were recorded as the total pressure drop
(l“%) from the measured upstream total pressure.

Angle measurements are made with the two side pressures balanced; any small
error in angular position, due to the probe side tap configuration, was
eliminated by the in situ calibration of the probe using a calibration
block in place of a cascade. The apparent dynamic head based on the mea-
sured total and side tap pressure is corrected to a true dynamic head (and
hence local static pressure is obtained), based on a calibration provided
by the instrument manufacturer, United Sensor and Control Corporation.

Traverses With Solid End Walls

To determine total-pressure-loss coefficients, horizontal traverses cover-
ing approximately two pitches about the central profile of the cascade
were undertaken at four depths from the upper wall. For the 1.0-in.-
height cascades, the depths of immersion were 0.071, 0.214, 0.357, and

0.5 in.; for the 0.7-in. cascades, the depths were 0.05, 0.15, 0.25, and
0.35 in. These depth settings correspond to centers of equal area where
the height of the cascade is divided into seven equal strips. For the
0.4-in.-height cascades, the depth settings were 0.05, 0.10, 0.15, and
0.20 in. rather than at centers of seven strips because of the inherent
difficulties of making measurements at less than 0.030 in. from the wall.

The upper half of the cascade was assumed to be representative of the com-
plete cascade. To check this assumption, a complete depth traverse at ap-
proximately the maximum total-pressure-loss position was undertaken to
confirm the existence of symmetry about the mean line. |In general, ac-
ceptable agreement between points equidistant from the two end walls was
obtained. Where any significant difference was recorded, the lack of sym-

metry was found to be due to either a small leakage between the blade pro-
file and the upper wall or a recirculation occurring at the lower wall
where the passage end-wall plate fits over the cascade blading. It was

found that a perfect seal was required around the blade profile at both
the end walls. Any small leakage path at the lower wall from a region of
high pressure to a region of low pressure that caused a flow into the
blade passage resulted in extremely high losses. Similarly, where the
cascade was not perfectly sealed at the upper wall and a small tip leak-
age was possible, very high losses were observed.

in the initial testing, before the tremendous importance of the end-wall
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sealing had been realized, loss coefficients as much as ten times as high
as those finally measured were recorded. These results were an unantici-
pated byproduct of the experimental program. It must be concluded that
the turbulent mixing losses associated with the introduction of extremely
small quantities of flow with a velocity component normal to the local
flow direction can result in total-pressure-loss coefficients that are an
order of magnitude greater than those measured in the absence of these
secondary flows. |In no case in which these high losses were measured

were the leakage flows greater than 1 percent of the cascade through-flow
based on the probabie leakage areas either at the tip of the blade or near
the blade profile at the lower wall. The most probable explanation of *
the high losses is that the introduction of flow normal to the main flow
direction triggers a massive flow separation from the blading; the nature
of the blade wakes and the variation of measured static pressure in the
plane of the downstream traverse confirm the belief that the small leakage
flows create a flow separation.

For any cascade in which the loss and the flow angle distribution were not
symmetrical, the assembly was rebuilt to eliminate leakage paths. Only
the results from cascade tests in which all leakage was eliminated were
considered to be valid. While the results from tests in which leakage
occurs are of some interest, no detailed analysis would be possible be-
cause of the difficulty associated with estimating or calculating the ex~
tremely small leakage flow areas and leakage flows that generate the high
losses.

Traverses With Porous End Wall

As previously noted, the objective of applying wall suction was to sup-
press the secondary flow of end-wall boundary layer from the pressure
surface side of the end-wall passages to the suction surface. By sup-
pressing this flow, it was believed that valid two-dimensional losses

would be measured at the midheight of even the lowest-aspect-ratio cas-
cade. The end-wall configurations for these tests consist of a 4O-percent-
porosity '‘electroplate'' perforated metal. The porous material is attached
to the wall block; and in the region in which suction is to be applied,

the material is supported by a honeycomb structure becween the porous

wall and the suction cavity.

The level of suction to be applied was computed from the assumed design
value of the minimum level of static pressure occurring on the suction
surface of each profile. The traverses were to be undertaken at the mid-
height of the cascade, again covering the central blade pitch in the hori-
zontal direction. Additional traverses at one-third and two-thirds of the
blade height were selected to confirm the uniformity of the exit flow con-
ditions over the central two-thirds of the passage height. During the
initial testing in which the entire wall passage areas between the blade
leading and trailing edges and the suction and pressure surfaces were
porous, high levels of midsection loss and considerable nonuniformity
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were measured. It was concluded, therefore, that this configuration re-
sulted in too large a quantity of air being removed from the flow passage.
The most probable cause of the increased loss level is the increase in the
inlet-to-exit velocity ratio of the cascade accompanying the removal of
too much flow from the cascade. To remedy the situation, the area of por-
ous end wall was considerably reduced. |[In the finally selected configura-
tion, only the region of low static pressure adjacent to the suction sur-

face is left porous. The porous area was standardized to be of one-quarter 'Y

pitch in width in the tangential direction and extending along the suction
surface from one-third of the axial distance through the cascade to the

trailing-edge line.

With this porous end-wall configuration, exit traverses were undertaken at
the midheight and two adjacent stations for each cascade. At least two
levels of suction pressure were used in each series of tests. In general,
thesc traverses showed an acceptable degree of uniformity of loss over the
central part of the blading, indicating that the application of end-wall
suction produced a midheight loss which could be considered as a true pro-
file loss. However, in a number of cases, the midheight traverses showed
higher levels of loss than had been measured in the corresponding test with
solid end walls. This p'enomenon is discussed later in the analysis sec-
tion of the report.

DATA REDUCTION

The traverse data were initially processed to yield local values of total
pressure, static pressure, and flow angle for each traverse. Data corres-
ponding to one pitch about the total-pressure wake of the central blade
were then selected for the evaluation of total-pressure-loss coefficients.
values of total-pressure-loss coefficients were computed for each horizon-
tal traverse and, in the case of the total loss number, from mass-flow-
weighted values of flow quantities covering the half blade height. Since
a flow distance of one chord had been selected for the plane of the tra-
verses, these data include the losses due to mixing which occur between
the plane of the trailing edge and the plane of the traverse. In addition
to the loss coefficients based on measurements in the plane of the tra-
verse, the fully mixed loss coefficients were also computed. These cal-
culations of the ''fully mixed' loss coefficients follow the standard
method for cascade testing; the method is outlined in Appendix i1!I.

The total-pressure-loss coefficient data are summarized in Table X. Vval-
ues of total-pressure-loss coefficient are given for four traverse sec-
tions (A, B, C, and D) for the tests with solid end walls, the midheight
loss coefficient for the tests with applied end-wall suction, and a totai
loss coefficient for the cascade. The loss coefficients in the last three
columns of Table X comprise the data subsequently used in the analysis,
where the total loss coefficient is a mass-flow-weighted value for the
complete row based on traverses at the four depths of immersion. The data
of Table X are grouped into sets of three. For example, the results for
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the three 0.4-in.-height stator mean section cascades are listed first,
and these are followed by the three rotor mean sections from the 0.4-in.-
annulus height stages. In each case, the order in which results are pre-
sented is in the order of increasing stage work output. Results from the
tests of the two leaned cascades (cascades 19 and 20) are presented and
discussed in Appendix 1V. 4

The data concernirg the distribution of loss with blade height are of some
interest, although these data do not contribute directly tu the loss cor-
relations derived later in the report. |In only 8 of the 24 cascades listed
in Table X is the loss coefficient for the traverse closest to an end wall
(section A) the largest of the four measured values. 1In all but 1 of the
remaining 16 cascades, the highest value of local loss coefficient based
on the complete corstant-depth traverse was at either position B or posi-
tion C. Cascade number 5 is the only cascade shown to have its maximum
value of local loss coefficient at the midheight position. Since there
was no obvious reason why this cascade should have different characteris-
tics from the others, the test was repeated following a rebuild of the
cascade assembly. However, similar results were obtained. It is of in-
terest that this cascade was designed for, and tested at, the highest value
of exit Mach number occurring in the series of cascades. A tentative con-
clusion vould be that a shock-induced separation produced the high level
of midheight loss. Although an attempt was made to relate the position of
maximum loss to blade chord or passage aspect ratio, cascade height, and
loading, no readily established trend was discovered. It would appear that
it would be necessary to undertake a considerably more detailed analysis
to relate loss distributions to secondary flows. Since such an analysis
based on planar cascade tests would not of itself contribute to a greater
accuracy in the prediction of stage efficiencies, the attempt to rationa-
lize the measured loss distributions was not pursued further.

¥
To illustrate the variety of distributions measured, the measured total-
pressure-loss distributions are shown in Figures 13, 14, and 15 for three
cascades. Figure 13 is for cascade number 3, a 0.4-in.~height stator mean
section from a stage of 22-Btu/lbm loading. This figure shows the most ty-
pical result, in that the highest loss is at section B (which in this case
is 0.10 in. from the wall). Figure 14 is for cascade number 12, which is a
0.7-in.-height rotor mean section. In this case, the highest level of loss
is measured at section C, 0.25 in. from a wall., The third illustrative ex-
ample is for cascade number 24, a 1.0-in.-height rotor root section from
the 17-Btu/lbm corrected work output stage design. The total-pressure-loss
traverse data for this cascade are shown in Figure 15. These data show
high end-wall loss and high loss at an immersion depth of 0.357 in.

It should be pointed out that these three cascades are not necessarily rep-
resentative of their type; for example, the distribution for cascade number
3 cannot be considered to be typical of 0.4-in.-height blade rows, stators,
or blade sections from the stages of 22-Btu/lbm work output. Indirectly,
the figures illustrate the inherent difficulty of establishing values of
total loss coefficients and profile loss coefficients for the cascades.
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DATA ANALYSIS AND DERIVATION OF A CORRELATION

I NTRODUCT ION

The experimental data were expected to yield values of three-dimensional
and two-dimensional losses for typical blade sections having possible ap-
plication to the type of turbine of interest to USAAVLABS in its advanced
engine program. These data are to be correlated so that the achievable ef-
ficiency of possible alternative designs can be predicted.

Although the data are obtained from two~-dimensional cascade tests, and
hence are not truly representative of blading in a stage environment, the
principal objective was to establish a correlation for secondary losses of
low-aspect-ratio blading and for the profile loss of the type of blading
necessary in a small, cooled turbine application. However, the correla-
tion obtained from the experimental portion of the investigation must be

regarded as a correlation for profile and end-wall losses rather than pro-
file and secondary flow losses. The data for the leaned stator cascades

presented in Appendix IV illustrate the fact that the additional secondary
flow driving forces usually occurring in a stage environment will increase

secondary losses.

TOTAL-PRESSURE-LOSS COEFF ICIENT DATA

The data presented in Table X comprise the average total-pressure-loss co-
efficients for the solid wall test, the midheight loss coefficient from
solid wall test.,, and the midheight loss coefficients measured during tests
with end-wall suction. The first of these will be identified as , the
second as Ym . and the third as Y . It was originally believed that Yy
would be representative of the sum’of profile and secondary loss, Yb...'l‘,
that ’Gﬂ would equal or exceed the profile loss )&,, and that the measured
midheight loss from end-wall suction tests YmP would equal YP However ,
from Table X it will be seen that for 5 of the 24 cascades the value of V,
is greater thanvye , that for 3 cascades the value of ?Qn is greater than
Yy and that in 12 out of 24 cases the value of )‘nkos greater than’gn.

It is quite obvious that there is a need to explain the apparent anomalies
in these results. Clearly, the most serious cases are those in which the
mean-line profile loss measured in the suction test Y‘MP exceeded the
total loss with solid end walls. This was observed in the results from
cascades 9, 11, 15, 18, and 26. A detailed investigation of one cascade,
cascade 9, showed a loss core adjacent to the suction surface but separate
from the blade wake. The magnitude of this additional loss could be re-
duced by lowering the level of suction pressure, but it could not be elimi-
nated altogether. Examination of the cascade test hardware showed that a
small area of the porous wall ahead of the row inlet was depressed below
the plane of the cascade end wall. The maximum depth of this discontinuity
was approximately 0.005 in. It was concluded that a step of the order of
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0.005 in. introduced a wall boundary layer and resultant secondary flow
which could not be suppressed by end-wall suction. In the worst case,
cascade number 26, the level of loss with end-wall suction applied was
approximately 70 percent higher than the previously measured total loss.
These results are therefore similar to the initial tests with solid walls,
where extremely small leakage flows produced large increases in loss.
Hence, the principal conclusion drawn from the attempts to trace the
causes of apparent anomalies was that any of a number of mechanisms lead-
ing to locally thickened boundary layers could lead to large secondary
flow losses. The three mechanisms specifically identified in the series
of tests were:

I. Leakage flows from pressure to suction surface in any cascade in
which a gap existed between the blading and the end wall.

2. A flow into the main stream through the porous end wall in re-
gions of low static pressure adjacent to a blade cuction surface
when the applied suction pressure was insufficient to ensure the
removal of all end-wall boundary-layer flow.

3. End-wall surface irregularities, particularly in the case of the
tests with porous end walls, which produce more low-momentum flow
than could be removed by applying end-wall suction.

From Table X it will be seen that for cascades 5, 12, and 23, the local
loss coefficient at the midheight position (see Column D) is greater than
the total loss which is the average for the row. These profiles are all
from stage designs of the highest work output (27 Btu/lbm). Hence, these
blades are among the most highly loaded in terms of the row deflections
and row exit Mach numbers. It is, therefore, to be expected that the flow
disturbance due to end-wall secondary flow would extend furthest from the
end walls for these designs. The original decision to measure profile
loss coefficients using wall suction was of course based on the anticipa-
tion that midheight loss of the solid cascades would be greater than the
purely profile loss. Since lower levels of midheight loss were in fact
obtained during the suction tests of these cascades, the original plan of
assuming Y‘MP to be the true profile loss was retained.

The cases in which “Yampis greater than Yam, which occurred in half the
total number of tests, represent the final anomaly. There are at least
two possible explanations of these results: (1) the value of )an is
increased above a true profile loss value either by secondary flow effects
introduced by irregularities in the porous wall or by an increase in the
inlet-to-exit row velocity ratio as a result of wall suction; or (2) the
levels of midheight loss from the original solid-wall tests are lower than
actual profile loss in some instances due to the fact that the presence of
end-wall loss increases the overall acceleration of the midheight flow.
Unfortunately, there is no way in which it can be validly established which
of the two alternatives is correct for a particular cascade. Hence, it
was decided to correlate the data on the assumption that the smaller of
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‘l,. or Ynﬁ would be more representative of the true profile loss, :
This course of action is reasonably valid provided that the points appear-
ing in later presentations of possible correlations clearly identify the
two types of ''profile'" loss coefficients.

DATA CORRELATION

The assumptions made throughout the attempt to correlate the data are that
the total-loss coefficient is the sum of profile and secondary loss and
that the parameters which influence profile loss also influence secondary
loss. The latter assumption makes it possible to consider the total loss
as a product of the profile loss and a factor. The attempt to correlate
the data is therefore considered first in terms of a correlation for the

ratic Y'l’/ypand a correlation for Yb .

Aspect Ratio Correlation

Earlier work of NACA personnel (Reference 6) suggests that the secondary

loss is purely a viscous wall loss, and hence it is assumed that
Yr ° YP + Yw

and J
Y. 1+ Yuw (6)

» 7p |

where ¥\, is the wall total-pressure~loss coefficient.

Assuming that the losses are purely vus\ous losses and are related to
wetted areas, the ratio Vwfy dpwould equal A I where Aw and Ag are end-
all and blade surface wetted areas, respectlvq Hence, values of
6‘! ) a-f ) were obtained for each of the 2‘0 cascades. These val-
ues re showhVin Figure 16, where the cascade number is used as the or-
dinate. Cascades | to 6 are the 0.4-in. blades, 7 to 12 are the 0.7-in.
blades, and 12 to 18 are the 1.0-in. blades. In view of the lack of any
systematic trend, it was concluded that the best correlation which could

be obtained from these data is

v AN
p

where K‘_is the arithmetic mean of points shown in Figure 16. The mean

value is less than unity (0.894), which is most probably explained by the

fact that the profile loss will include a trailing-edge blockage loss. Al-

though there is considerable scatter about the mean value, the fact that

blade sections with widely differing deflections, velocity ratiosiy:nd d}-

sign exit Mach number levels have approximately the same value of
1 4+ AE) is a good indication that in the cascade tests, the total-loss
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coefficient includes a wall friction loss rather than a loss due to sec-
ondary flow.
Aw

While the correlation based on the ratio is a useful correlation,

in general it is not suitable for prelumlnary&urblne design unveitagatuons.
In the present case, all the information necessary to calculate i
avai lable. However, for stage aerodynamic designs, it would be mo’% ad-
vantageous to use a parameter that does not depend on the detailed design
of the blading. It can be shown, although not analytically proven, that
the wall-to-blade area ratio is in general approximately equal to the ratio
of throat opening to the blade height ( ).

It was, therefore, assumed that the originally selected correlation with
passage aspect ratio was correct in its general form; that is,

= [1 el ®

The values of a have been plotted in Figure 17 against the blade pas-
sage aspect ratio. For each point, a value of K» was evaluated. For 12
of the 2L cascades, the values of s were in the range 1.0 to 2.0; cas-
cades 7 and 26 had low values of KK, and cascades 18 and 22 had extremely
high values. 1In obtaining the best fit of the data, the results from cas-
cades 7, 26, 18, and 22 were disregarded. An arithmetic mean of the re-
maining 20 values of Kz is 1.6, and this value has been used in the fi-
nally selected correlation shown in the figure. In view of the fact that
it is difficult to explain why a stator mean section of 0.7-in. blade
height from a stage of 17-Btu/lbm work output and a 1.0-in.-height rotor-
root section from a stage of 27-Btu/lbm output should have a high total
loss and a low profile loss coefficient compared to the other cascades, it
must unfortunately be concluded that for these cascades, valid profile
foss coefficients have not been obtained. The following correlation is a
reasonable fit of the experimental data:

[_14- et n)] (9)

Correlation of Profile Loss

Although there is some uncertainty as to what constitutes the profile loss
of each of the cascades tested, it was decided to proceed on the basis
that the lower of the values of Ym and Ympis in fact the profile loss.
At the start of the present program, a correlation for total loss of the
following form was used:
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o bobtomt ([aJrelg
where - (-‘v’}) : f( %’) and“(‘g') were corrections of a datum level

of loss, where this datum level is principally dependent on the tangential
loading of a blade section. On the assumptions that the preceding section
has established 2 relationship between profile loss, total loss, and as-
pect ratio, and that the correction for trailing-edge thickness effects of
Figure 2 could be expected to be valid, reduced loss coefficients Y., were
computed for each data point, where *

_ Y o.6+0.8C08P42
% = }’%ga)ltanp,-bnnhl e

The ".data points were plotted against design values of velocity ratio
( a&s ) for each section. 1t was seen that the level of Y generally

incr@dsed with but that the scatter of points would be reduced if
profile Ioi?es wereé® reduced using the correction based on the aerodynamic
blockage Therefore, a revised version of the reduced loss coeffi-

cientY” , where , YPCO.‘,.,O,S QQP‘)
"% = F(%) [tanP,- banpia 1

was plotted against velocity ratio as shown in Figure 18. The expected
increase of loss with velocity ratio is clearly evident. The points cor-
responding to cascades 18 and 26 have previously been identified as having
the most questionable values of profile loss, and these ints also lie
furthest from the finally selected linear variation of ‘t”\uith M .
Therefore, the correlation of profile loss is as follows:

v
Yo = pabasml #[2]4[%]
where (from Figure 2) . b
ﬁ(%g)g 0.8 +3.6 (3’) v g >0.08 (13)

and (from Figure 18)

£(¥1)= 0.007 +0.044 (1)

The residual scatter of the various test points shown in Figure 18 may
simply represent experimental accuracy in the determination of the perfor-
mance of the actual blading. 0On the other hand, it could indicate the
presence of an additional factor influencing profile loss besides the four
employed in the correiation. An obvious parameter of importance in the
control of blade boundary-layer thickness is the rate of suction surface
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diffusion, defined as the nondimensional Mach number reduction specified
over the latter part of the suction surface divided by the fractional sur-
face length over which the diffusion occurs.

Diffusion rate was therefore plotted versus row velocity ratio ior cach of
the cascades. It can be seen in Figure 19 that the rate of ditiusion
tended generally to increase with overall velocity ratio. However, a
fairly wide range of diffusion rates was employed for cascades with simi-
lar values of velocity ratio. Hence, the diffusion rate represents an in-
dependent parameter which could have atfected the measured protiie losses.

Two kinds of effect on profile loss could have occurred. First, it is pos-
sible that diffusion rate alone caused the observed variation in reduced
profile loss coefficient. Second, the correlation of profile loss with
velocity ratio may have been fundamentally valid, with the ef “ect of high
diffusion rates being simply to elevate the level of the correlation shown
in Figure 18. Both of these possibilities were accordingly investigated.

Figure 20 presents the variation of reduced loss coefficient with suction
surface diffusion rate. Although there is clearly a trend toward high
losses when the diffusion rate is high, the amount of scatter of the test
points is greater than that seen in Figure 18. Hence, velocity ratio was
retained as the basic correlating parameter.

Tc investigate the second possible effect mentioned earlier, a best straight
line was fitted to the data of Figure 19, separating the cascades into two
equal groups of relatively higher or lower diffusion. |In 1] cases, cas-
cades having high or low diffusion rates also had respectively high or low
reduced profile losses. However, in 13 cases, the opposite relation held.
It was therefore concluded that no contribution to the scatter shown in
Figure 18 occurred as a result of diffusion rate. Hence, the profile loss
correlation given in Equation 13 was retained unchanged.

The Final Correlation

Based on the derived correlations of a and YP , the final correlation
for row total-loss coefficient based on cascade loss is as follows:

%= [tanBy-banfal [, 1_‘.‘1@;’ 08 +3.¢(§)JE.007+0.044(;§_5](”‘)

T~ 0.¢+0.8Cosf,

In the case of rotor blading, tip clearance loss would have to be included
in the correlation. Since the source of a tip clearance loss correlation

can only be stage tests, it will be assumed that tip clearance loss can be
treated in the manner originally assumed in Equation L.

In investigating the correlation in greater detail, it is evident that the
contributions of both velocity ratio and aspect ratio are considerably
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different from those assumed in the preliminary aerodynamic design. Over
the range of velocity ratios itested, from approximately 0.1 to 1.0, the
original correlation (Equations 2 and 3) assumed a loss increase of ap-
proximately 200 percent ‘hereas the final correlation predicts an increase
of approximately 350 pe- *. On the other hand, for the range of passage
aspect ratios consider .he experimental program (from 9 to 1), the
original correlation assumed a 250-percent increase in 'oss. The new
correlation predicts only a 50-percent increase over the same range.

Hence, the relative importance of aspect ratio has been considerably de-
emphasized, and that of velocity ratio has been increased, in the final
results. However, only one secondary flow driving force (that from pres-
sure to suction surface at the end walls) is present in planar cascade
tests, and only relatively small quantities of flow are subjected to this
force when a uniform profile exists at the inlet to the row. A recent
USAAVLABS report (Reference 10) reproduces experimental data from Refer-
ence |1 that show a doubling of the end-wall loss coefficient in the case
in which the row inlet boundary-layer thickness is less than 1 percent of
the blade height. It must be concluded, therefore, that the factor(i‘i‘&-))
derived as an aspect ratio correction from planar cascade tests will un= "
derestimate the detrimental effects of low aspect ratio in a turbine stage.
In the case of stator blading, additional secondary losses might reasonably
be expected because of the radial static pressure gradient (which is demon-
strated to be significant in the cascade tests of leaned stators discussed
in Appendix 1V). For rotor blades, the total-pressure profile existing at
the stator exit will influence the level of loss. It is therefore pro-
posed that the correlation factor, fop aspect ratio effects in a stage en-
vironment be expressed as Cﬂ.'l- %), where Ks and Kg are ad-
ditional secondary loss factors;“these' factors cqn be derived only from
stage test data. In the case of rotor blading, the performance of the
rotor is known to depend on the detailed performance of the stator row.
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ACHIEVABLE STAGE EFFICIENCIES

INTRODUCT | ON

It is well known that the direct use of cascade loss data to evaluate the
efficiency of a corresponding turbine design can lead to highly optimistic
predictions of actual stage performance. The reasons for this phenomenon
are not fully understood. One factor is undoubtedly the presence, in the
typical stage environment, of significant radial transport of low-momentum
fluid, due t0o the static pressure gradients at the stator exit and the cen-
trifugal forces in the rotating row. A second major factor was inadvertently
demonstrated in the course of the cascade test program. This was the ef-
fect mentioned ear'!ier of a substantial increase in row loss level when a
thickened-wall boundary layer entered the cascade. |In this case, an irregu-
larity in the inlet section was identified as the source of the boundary
layer. Additional factors, which can be expected to contribute to the
difference between stage test data and predictions based solely on isolated
cascade data, are: radial flow components introduced by the annulus geome-
try, blade row interference effects dependent on interblade row gaps, intra-
blade row effects dependent on blade twist and taper, and tip clearance ef-
fects dependent on the detailed design of the blading. Even though it is
not possible to consider individual effects in current prediction proce-
dures, it is convenient to group the resultant losses into a single sec-
ondary loss.

Before proceeding to the calculation of achievable stage efficiencies as a
function of selected annulus blade height and corrected work output, it is
necessary to estimate the additional secondary loss factors K‘ and KR'

)
On the assumption that the values for Ks and KR can be obtained to con-
vert the desired cascade loss correlation to one which is for blade rows
in a stage, the correlation could be used to predict the performance of
any turbine. However, in the current program only, the nine original de-
signs have been considered. Hence, the calculated achievable stage effi-
ciencies which are presented and discussed later apply only to a series of
designs in which rotational speed, inlet mass flow, inlet total temperature,
and inlet total pressure are held constant. As previously discussed, each
set of three designs, of a particular level of stage work output, can be
considered as alternative turbines which satisfy the power and speed re-
quirements of a compressor.

POSSIBLE VALUES OF THE ADDIT IONAL SECONDARY LOSS FACTORS

The series of tests reported in Reference 1, which cover a range of blade
row aspect ratios and stage efficiencies, has been used as the basis for
the selection of the factors Kg and Kg . Considering three stages of dif-
fering annulus height, three values of stage efficiency are available for
the calculation of two empirical factors, assuming that these factors are

25




constant.  Thuy, any two tests will yield values for "% and KQ, assuming
that the derived correlation of the datum loss is applicable and that the
aspect-ratic-dependent correction factors are as follows:

K
-F(%): 1 + 16-—3(—§) for stators (15a)

an

’ )
§§(%>,(%)j=1’ 1._‘:(*)"' 5‘(‘5') for rotors (15b)

(The coefficien: of the tip clearance term is based on the initially de-
rived correlation, which i> in agreement with the test results of Refer-
ence |, where t:p clearance effects were also investigated.)

For the highest and lowest aspect ratio stages of Reference 1, values of
3.4 and L.2 were obtained for Ks and K, respectively. However, these
values will not predict witn sufficient accuracy the test results of the
intermediate aspect ratio stage. By considering the various combinations
of stage results, it was concluded that an acceptably good fit of the ex-
perimental data would be obtained with values of 2 and 6 for K‘andK. .
respectively. With an assumed value of 2 forkqs, the derived values of
are 5.3, 5.9, and 5.5 for the three stage tests®reported in Reference 1,
in which the tin clearance was held at 1.5 percent of the rotor blade
height. While the abo.e¢ variation of KR might be considered to be rela-
tively large, it must be appreciated that a 10-percent variation in one
component of the rotor row total loss can in some circumstances result in
a change of stage effictency which is within the limits of experimental ac-
curacy.

While values of 2 and 6 have been selected as the most probable values for
the row additional secondary loss factors, alternative values have been
assumed for the reprediction of the nine original selected turbines.

STAGE EFFICIENCY PRECICTIONS

ft must be emphasized that the design-point specifications for the nine
turbines are identically those used to derine the cascades on which the
loss correlation is based. The common specifications for the nine stages

are repeated below:

Mass Flow Rate 5 1bm/sec
Turbine Inlet Total Pressure 142 psia
Turbine Inlet Total Termperature 2,500 €F
Rotational Speed 50,000 rpm

The originally selected annulus geometries together with the selected num-
ber of blades were retained for the final phase of the investigation. It

26




could be argued that each design could have been reevaluated using the de-
rived loss correlation with the annulus dimensions (in particular, the
stage mean radius) and number of blades as design analysis variables.
However, since the originally selected annulus dimensions are representa-
tive of the range of turbines that would be considered if annulus blade
heights of 0.4, 0.7, and 1.0 in. were respecified as alternatives for the
three levels of corrected work output, the original designs will satis-
factorily indicate the trend of efficiency with blade height. Thus, the
design-point performance of the original nine turbines was predicted.

For each design requirement, five design-point analyses vere performed.

The first computer run employed the data from the cascade tests without
modification; that is, KS and KRwere set equal to urnity. The second and
third runs employed the derived value of KR(6'O) vith Kgset equal to |
and then 2. The final two runs retained Ke equai to 2 and used alterna-
tive values of 4 and 8 for’(n. Resulting efficiencies for the i7-, 22-,
and 27-Btu/Ibm stages have been plotted along with chosen stage loading as
functions of annuluc height in Figures 21, 22, and 23, respectively. These
same results have also been presented as functions of corrected work output
in Figure 24 for two pairs of values of Kg and Kg, together with the cor-
responding values of stage mean radius for the stages.

When the data presented in Figures 21, 22, and 23 are considered as a group,
the efficiency of stages of 0.4-in. annulus height is always greater than that
of the corresponding stages of 0.7- and 1.0-in. annulus height. Corresponding
stages in this context are stages having the same work output levei! and for
which the same values were assumed for the stator and rotor additional loss
factors. There is, of course, the possibility that acfrual values of Kg
and KR will depend on specific features of the individual stage designs.
For example, the 1.0-in.-annulus designs, which are of relatively low hub-
to-tip diameter ratio, might be less sensitive to any wall boundary layers
at stage inlet. Therefore, it is of some importance to compare the pre-
dicted efficiency of the 0.4-in. stage using the pessimistic assumptions
(Kg=2 and Kg= 8) with the efficiency of the 1.0-in. stages predicted
with the optimistic secondary loss assumptions (Ks= 1 and KR‘—‘ 1.0). At
two of the three work output levels, the O.4-in. stages still have higher
efficiencies than the most optimistic efficiency predicted for the 1.0-in,
designs. Only in the case of the highest work level, 27 Btu/lbm, is the
highest achievable efficiency greater than that for the 0.4-in. design's
predicted efficiency based on the pessimistic loss assumption. However,

in this case the difference in efficiency is less than one~-half a percen-
tage point. Therefore, it is reasonable to conclude that for the design
specifications considered, the lowest blade height in the range considered
will produce the most efficient turbine stage.

The variation of the stage loading factor is shown in each of the three
figures. In each case, the stage loading factor, glﬁ‘r’-‘ , IS approxi-
mately 2.0 for the 1.0-in. design and 1.0 for the larget diameter designs
using the 0.4-in. blade height. Thus, the conclusion to be drawn is that
the inherent benefits of reducing the stage loading factor are greater than
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the detrimental effect of the lower aspect ratios which accompany the selec-
tion of a higher mean radius design in the range of blade heights considered.
It is worthy of note that the results presented in Reference | are not neces-
sarily in disagreement with this conclusion. Although reducing an annulus
height from 1.07 to 0.37 in. produced a very large efficiency drop in that
case, the stage loading factor actually increased rather than decreased.

The lowest height design in that case has a substantially lower corrected
inlet flow Jﬂ./‘ than the large annulus stage, whereas in the current in-
vestigation a common value of corrected inlet flow is used in each of the
nine designs.

Considering the data of Figure 24, which presents what might be considered
the most optimistic and most pessimistic predictions of stage efficiency as
a function of corrected stage work output, it will be seen that the effi- b
ciency is predicted to be not greatly dependent on work output, provided a i
mean radius is selected that maintains a particular value of $gTAH :
The figure illustrates the uncertainty of the prediction of the efficiency
level with an approximate 5-percentage-point spread with the assumed varia-
tions of the additional secondary loss factor; the most optimistic effi-
ciency for a 1.0-in.~height stage is less than 86 percent, and the most
pessimistic efficiency for a 0.4-in. stage is within 1 percent of that
value. The higher efficiency of the 0.4~in.~height stages for a particu-
lar assumption is fundamentally due to the higher mean radius of the de-
sign. Thus, the trade-off between turbine efficiency and overall physi-
cal dimensions remains an img?rtant aspect of turbine selection. A stage
loading paramete:, 9.3' , of 1.0 has produced the highest values of
predicted efficiency at each work output level in the current investiga-
tion. To achieve that loading level, it was necessary to increase the out-
side diameter of the turbine by as much as 30 percent compared with the
more highly loaded designs having 1.0-in. blades. Because of the variation
in stage hub~to-tip diameter ratios and the change in hub diameters, the
disk rim speeds have been increased hy an even greater percentage.

ot g gmemina s

CONCLUDING REMARKS

Despite the uncertainty concerning the relative magnitude of secondary loss
in planar cascades and in stages, and hence the uncertainty in which levels
of efficiency are achievable in the small turbines of interest to USAAVLABS,
the current investigation provides the basis for the eventual determination
of achievable efficiency levels. It should also be emphasized that the re-
sults of the design analyses presented herein are for a particular value of
the turbine flow parameter corresponding to a flow rate of 5 Ibm/sec, an
inlet temperature of 2960 OR, and an inlet total pressure of 142 psia. Thus,
the principal result of the investigation must >e regarded as the deriva-
tion of a loss correlation, even though there is uncertainty concerning the
value of the empirical constant in the secondary loss term. For designs

of lower mass flow or higher inlet pressure levels which are of interest

to the designers of high-performance, small gas turbine engines, it is
reasonable to conclude that blade heights of considerably less than 0.4
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in. will still correspond to optimum desi
are lower than those that would be
having the same value of stage load

gns even though their efficiencies

obtained in larger capacity turbines
ing factor.
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CONCLUS IONS

A correlation of total-pressure-loss coefficients for low-aspect-ratio
turbine blading has been obtained. The correlation contains an empiri- :
cal factor relating the magnitude of aspect-ratio-dependent secondary f
loss measured in planar cascades to the secondary flow loss in turbine i
stage blading. :

tEven though the level of achievable efficiency is dependent on the ad- ;
ditional secondary loss factor introduced into the correlation, the

current investigation has shown that the benefits of the reduced stage

loading factor outweigh the detrimental effects of reducing the blade

height in the range considered.

The most probable level of efficiency for a stage having a 0.4-in. an-
nulus for the selected design-point requirements, irrespective of the
level of corrected stage work output, is 87 percent. This is approxi-
mately S5 percentage points higher than designs of comparable inlet flow
capacity, in which a 1.0-in. blade height is selected in order to
achieve high-blade-row aspect ratio but in which the level of the stage
loading factor is approximately doubled.

The cascade test program has shown that the level of loss in low-aspect-
ratio and highly loaded rows is extremely sensitive to small distur-
bances of the main flow field. Small irregularities in the end wall
which produce boundary-layer separation, small tip clearance leakages,
and small quantities of flow entering the cascade normal to an end wall
were found to increase the level of total-loss coefficient by as much
as a factor of 5. These results were an unexpected byproduct of the
experimental program, in that neither the small discontinuity in some
of the porous-wall configurations nor the small leakage flows that re-
sulted from imperfect assemblies of particular cascades would have been
previously considered to be of such large importance.

The tests of leaned cascades, although limited to two leaned standards
for one stator cascade profile geometry, have shown that the introduc-
tion of a relatively small force normal to the end walls significantly
affects the level of loss, its distribution with height, and the varia-
tion of tangential and through-flow velocity components. Although the
row that was leaned 20 deg with respect to the end walls had a level of
total loss which was more than 50 percent higher than that of the nor-
mal cascade, the indications are that leaned stator blades could be
used to advantage in a8 turbine stage to suppress the secondary flows
and losses created by the strong radial gradient of static pressure
across the stator exit annulus.
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RECOMMENDAT IONS

A series of stage performance tests should be undertaken to validate
the principal conclusions of the investigation and to provide more
data on the additional secondary loss factor assumed in the derived
correlation of the total-pressure-loss coefficient.

As part of the stage test program above, or as a separate investiga-
tion, the effects of stator lean in an annular cascade and/or in a
complete stage should be further investigated. Any such program should
be integrated with a thorough analytical analysis so that the results
of the investigation might be applied to the optimization of stage per-
formance generally.

While further cascade testing with a high quality of inlet profile
would not be recoomended due to the fact that the secondary losses
would not necessarily be representative of stage performance, a more
detailed evaluation of partiuclar cascades with various standards of
inlet total-pressure profile is a logical and useful extension of the
original program. The results of such an investigation would provide

a better understanding of the secondary flow effects, which undoubtedly
have a significant influence on the level of efficiency that is achiev-
able in a small turbine having low-aspect-ratio blading.
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